Gastrointestinal secretory and motor responses are profoundly altered during stress; but the effects of stress and its mediator(s) on the two major gut functions, exocrine pancreatic secretion and gallbladder motility, are unknown. We therefore developed two animal models that allowed us to examine the effects of acoustic stress on canine gallbladder contraction and restraint stress on rat exocrine pancreatic secretion. Acoustic stress inhibited cholecystokinin-8 (CCK)-and meal-induced gallbladder contraction, and restraint stress inhibited basal and CCK/secretin-stimulated pancreatic secretion. These inhibitory responses were mimicked by cerebral injection of corticotropin-releasing factor (CRF) and abolished by the CRF antagonist, a-helical CRF-(941). The effects of stress and exogenous CRF were simulated by intravenous infusion of norepinephrine but prevented by ganglionic, noradrenergic, and a-adrenergic but not fl-adrenergic receptor blockade. Vagotomy, adrenalectomy, and-in rats-hypophysectomy did not alter the effects produced by stress and CRF. These results indicate that endogenous CRF released in response to different stressors in distinct species inhibits canine gallbladder contraction and murine exocrine pancreatic secretion via activation of sympathetic efferents. Release of norepinephrine appears to be the final common pathway producing inhibition of biliary and pancreatic digestive function during stress mediated by cerebral CRF. (J. Clin.
Introduction
After ingestion of a meal under normal conditions, the various digestive processes such as secretion, gut motility, and absorption are rather independent from central nervous system control. They are coordinated by the enteric nervous system, gut hormones, and paracrine factors (1) . During stress, however, brain regions (cerebral cortex, limbic system, and hypothalamus) influence the informational outflow from brain stem centers to the gut and thereby affect gastrointestinal functions (2) . Stress-related postprandial syndromes like abdominal cramping and diarrhea may be secondary to abnormal gastric motor function and enhanced colonic motility (3) (4) (5) . However, the effects of mental or physical stress on the two major digestive processes, gallbladder contraction and exocrine pancreatic secretion, are, to the best of our knowledge, completely unknown. This paucity of knowledge appears to be secondary to the lack ofsuitable experimental models. It is of interest that both the gallbladder and the exocrine pancreas are densely innervated by adrenergic efferents but their physiological functions are not well defined (6, 7) . In the endocrine pancreas, noradrenergic input inhibits insulin and stimulates glucagon secretion, and neuroglucopenia produces selective activation of the sympathetic efferents to the pancreas (8-1 1) .
The 41-residue hypothalamic peptide, corticotropin-releasing factor (CRF; reference 12), appears to be the major endogenous central nervous system transmitter that produces characteristic gastrointestinal stress responses: inhibition of gastric acid secretion and gastrointestinal transit (3, 4, (13) (14) (15) (16) (17) and stimulation of gastroduodenal bicarbonate secretions and colonic motility (3, 4, 16, 18, 19) . The central nervous system effects of CRF and stress are mediated primarily by increased sympathetic tone and, in part, by parasympathetic withdrawal (13) (14) (15) (16) (17) (18) (19) (20) or, in one instance, by activation of a functional pituitary-gut axis (18) . However, the effects of CRF on biliary and pancreatic digestive processes are unknown. We therefore de- veloped two animal models that allowed us to examine the effects of stress and exogenous CRF on canine gallbladder contraction and rat exocrine pancreatic secretions.
The results of these studies indicate that CRF, released endogenously in response to acoustic and restraint stress, inhibits gallbladder contraction and pancreatic secretion, respectively. Release of norepinephrine acting on a-adrenergic receptors appears to be the final common pathway inhibiting biliary and pancreatic digestive function during stress mediated by endogenous CRF.
Methods
Animal preparations. Male Sprague-Dawley rats (250-300 g) and male beagle dogs (9-10 kg) were obtained from Wiga (Sulzfeld, FRG). Animals were fed a standard diet and housed in single quarters under temperature-, humidity-, and illumination-controlled conditions. After abdominal surgery, animals were fed a liquid diet (Altromin Sonderdiat, Hamburg, FRG) for up to 7 d. Dogs were fitted with a third cerebral ventricular cannula and a gastric fistula as previously described (15, 21) . Some dogs subsequently underwent truncal vagotomy and pyloroplasty or bilateral adrenalectomy (15, 21, 22) . Adrenalectomized animals received prednisone (5 mg/d with meals; Apotheke, Universitatskrankenhaus-Eppendorf, Hamburg, FRG) and had free access to 0.075 M NaCl. Completeness of vagotomy was verified by a negative 2-deoxy-D-glucose test (15) . Animals were allowed to recover for 2 3 wk before the experiment. To obtain venous access, an 18 French plastic catheter was inserted into a front leg vein on the day of the experiment.
4 d before the experiment, rats were fitted with cerebral right lateral ventricular cannulae, a gastric fistula, and a right jugular venous catheter (16) (17) (18) . 2 d before the experiment, under general anesthesia (xylazine at 6 mg/kg; Rompun, Bayer AG, Leverkusen, FRG and ketamine hydrochloride at 50 mg/kg; Ketanest, Parke-Davis, Morris Plains, NJ), they were fitted with a pancreatic catheter. The proximal bile duct was ligated and connected with the duodenum by polyethylene tubing (0.36 mm i.d., 0.96 mm o.d.). The distal common bile-pancreatic duct was cannulated with a second polyethylene catheter that was routed subcutaneously to exit in the interscapular region ofthe animal's neck. For 2 d before the experiment, pancreatic juice drained into a small plastic sack that was emptied every 8 h. Some animals were subjected to bilateral truncal vagotomy or adrenalectomy (17) , and hypophysectomized animals were commercially obtained (Wiga). Completeness of vagotomy was verified by a negative 2-deoxy-D-glucose test (17) and completeness of adrenalectomy and hypophysectomy by macroscopic inspection. Adrenalectomized animals and hypophysectomized animals had free access to 0.15 M NaCl.
Experimental design. After a 24-h fast, dogs were studied in modified Pavlov-type slings. To facilitate accurate measurement ofgallbladder diameters, the abdomen was shaved on the day before the experiment. Rat CRF, the CRF receptor antagonist, a-helical CRF-(9-41) (23), or sterile water as the control (vehicle for peptides) was injected cerebroventricularly in 10-ul volumes and intravenously in 200-,41 volumes over 1 min as described (15, 21 (15-18, 21, 22) . In additional experiments, adrenocorticotropic hormone (ACTH) or fl-endorphin (100 pmol/kg per h) was intravenously infused for 1 h.
Rats were fasted for 24 h but had free access to water until the beginning ofthe experiment. Animals were placed in 15-liter buckets to which they were accustomed. The gastric cannula was opened, the gastric content inspected, and the pancreatic catheter connected to a 0.5-ml syringe that was attached to the rim of the bucket with adhesive tape. The animal was not studied if residual gastric content was found. Pancreatic juice was aspirated manually in freely moving rats and quantitated in 15-min intervals for 1 h. In stress experiments, physical restraint, a previously validated stressor (5, 18), was used. Briefly, the animal's trunk was secured to a wooden plate for 1 h with three metal clamps. This restraint at room temperature results in characteristic neuroendocrine and autonomic stress responses (5, 18) . Control (sterile water) or peptides were injected cerebroventricularly in 5-41 volumes and intravenously in 50-,gl volumes as described (5, 17, 18) . CRF or control was injected at the zero time point, whereas a-helical CRF-(9-41) was injected at the -1 5-min time point. Peptide doses were administered in random order. At the end of the experiment, animals were killed by cervical dislocation; a clean empty stomach and correct cerebral cannula placement were also verified (17) . To delineate the neurohumoral pathways mediating the effects of stress and of CRF on exocrine pancreatic secretion in rats, the same pharmacological approaches were used as described in the dog experiments. Dosages and time course of administration were likewise the same.
Biological measurements. Gallbladder size was measured by realtime ultrasonography using a 5-MHz transducer (Toshiba model SSA-77A) in the upright position. The transducer was placed in the right upper abdominal quadrant, and the greatest length of the gallbladder was determined on an oscilloscope screen with standardized calipers. Rotating the transducer by 900, we determined the greatest width (transverse diameter) and the greatest depth (anterior-posterior diameter). Gallbladder volume was calculated using the sum-of-cylinder method as described (24) . This method has been shown previously not to overestimate gallbladder volume (24) . To reduce the variability of gallbladder volumes, three measurements were taken at each time point (time point±2 min) and averaged. Pancreatic volumes were estimated by weighing the collected 1 5-min samples, assuming a density of 1.0. Bicarbonate was determined on an automated titration system (Radiometer, Copenhagen, Denmark) using a previously validated back-titration method for low bicarbonate concentrations (18) . Protein was measured as described (25 (21) . Results obtained from five animals were expressed as means±SEM, and they were considered significant if P < 0.05.
Results
Effects ofCRFand stress. Acoustic stress and CRF (0.5 nmol/ kg given cerebroventricularly) significantly increased plasma concentrations of norepinephrine, epinephrine, glucose, cortisol, ACTH, and ,l-endorphin (Table I) . Basal gallbladder volumes ranged between 12.5 and 13.5 cm3 (Fig. 1 A) , and basal pancreatic volume secretion ranged between 465 and 515 ,ul/h (Fig. 1 B) . In dogs, CCK alone reduced gallbladder volume to 3.5 cm3 at 45 min. Increasing doses of cerebral CRF significantly reversed CCK-induced gallbladder contraction; at the highest dose of CRF (0.5 nmol/kg), gallbladder volumes were not significantly different compared with resting gallbladder volumes (time 0; Fig. 1 A) . In rats, increasing doses of cerebral Acoustic stress was begun at 0 min and CRF (0.5 nmol/kg) or control (sterile water) were given cerebroventricularly at 0 min. At 20 min, there was a significant (P < 0.01) increase in plasma levels of all parameters measured in stressed and CRF-treated animals.
CRF significantly inhibited pancreatic volume secretion for 1 h (Fig. 1 B) . In addition, cerebral CRF (1 nmol/kg) inhibited total pancreatic protein secretion from 17.4±1.9 to 8.1±0.9 mg/h (P < 0.01) and total pancreatic bicarbonate secretion from 29 .5±3.1 to 10.7±0.9 Lmol/h (P < 0.01). In contrast, intravenous administration of CRF (0.5 nmol/kg in dogs and 1.0 nmol/kg in rats) did not significantly alter CCK-induced gallbladder contraction or exocrine pancreatic secretion (data not shown). Acoustic stress in dogs significantly reversed CCK-induced gallbladder contraction; the effect of stress was comparable to Fig. 1 C) . Restraint stress in rats and cerebral CRF (1 nmol/kg) inhibited pancreatic volume secretion similarly (P < 0.01; Fig. 1 D) . Restraint stress also inhibited total protein output by 52% and total bicarbonate output by 63% (P < 0.01). Cerebral administration of a-helical CRF-(9-4 1) 15 min before stress exposure or cerebral administration ofCRF completely reversed their effects on gallbladder volume (Fig. 1 C) and exocrine pancreatic secretion (Fig. 1 D) . These responses were measured 45 min after CRF (or control) administration or stress exposure. In CRF-treated animals and in stressed animals, the highest dose of a-helical CRF-(9-4 1) (10 nmol/kg) produced responses that were similar to those observed with CCK alone (Fig. 1 C) and that were similar to basal pancreatic secretion (Fig. 1 D) . Stimulated gallbladder contraction and pancreatic secretion. To examine the effects ofstress and CRF on endogenously induced gallbladder contraction, a balanced, blenderized mixed meal was administered intragastrically. Both acoustic stress and cerebral CRF (0.5 nmol/kg) reversed meal-induced gallbladder contraction (Fig. 2 A) . At the 30-, 45-, and 60-min intervals, gallbladder volumes in stressed and in CRF-treated animals were nearly identical to basal volumes. To simulate postprandial exocrine pancreatic secretion, a combined infusion of CCK and secretin was administered intravenously. Both restraint stress and CRF abolished the protein and bicarbonate responses (Fig. 2, B and C il/h (P < 0.01 compared with the appropriate control). In CRF-treated animals, the respective responses were 20.5±0.9 mg/h, 28.5±2.9,umol/h, and 575±44,ul/h (P < 0.01 compared with the appropriate control). Neurohumoralpathways. Fig. 3 depicts the effects ofganglionic blockade with chlorisondamine, noradrenergic blockade with bretylium, and truncal vagotomy on gallbladder volume (Fig. 3 A) and pancreatic secretion (Fig. 3 B) in the resting state, during stress, and after cerebral administration of CRF (0.1 nmol/kg in dogs and 1.0 nmol/kg in rats). Neither stress nor cerebral administration of CRF altered resting (fasting) gallbladder volume (Fig. 3 A) , but chlorisondamine (P> 0.05) and vagotomy (P < 0.05) diminished basal pancreatic secretion, whereas bretylium did not (Fig. 3 B) . In dogs, both chlorisondamine and bretylium, but not vagotomy, prevented the reversal of CCK-induced gallbladder contraction produced by CRF and stress that was observed in animals treated with NaCl (Fig.  3 A) . Similarly, in rats, chlorisondamine and bretylium, but not vagotomy, abolished the inhibitory actions of CRF and stress on exocrine pancreatic secretion (Fig. 3 B) . Hypophysectomy in rats, adrenalectomy, propranolol, and naloxone in rats and dogs, as well as exogenous infusion of ACTH or f3-endorphin (100 pmol/kg per h each) administered to rats and dogs, did not significantly alter the effects ofcerebral CRF and stress on gallbladder volume and pancreatic secretion during the basal state (Tables II and III) .
Noradrenergic pathways. To determine whether norepinephrine is the common peripheral neurotransmitter mediating the effects of stress and CRF on gallbladder motility and exocrine pancreatic secretion, this catecholamine was given exogenously and the biological responses were measured. Table  IV shows that norepinephrine (100 nmol/kg per h) produced plasma levels that were similar to those previously observed in response to CRF and restraint stress in rats (4) and to those observed in response to CRF in dogs (21) and in response to acoustic stress (Table I ). This dose of norepinephrine also produced a reversal of CCK-induced gallbladder contraction (Fig.  4 A) and inhibition of exocrine pancreatic secretion (Fig. 4 B) . These responses were similar to those produced by stress and cerebral CRF (0.1 nmol/kg in dogs and 1.0 nmol/kg in rats).
Increasing doses of the a-adrenergic receptor antagonist phentolamine significantly reversed the effects of cerebral CRF, stress, and exogenous norepinephrine on gallbladder volume and pancreatic secretion (Fig. 4) . At the highest dose of phentolamine (10 ,mol/kg per h), gallbladder volume and pancreatic secretion in all treatment groups were similar compared with gallbladder volume in dogs treated with CCK alone and in rats at basal, respectively. The difference between pancreatic secretion in stressed animals treated with phentolamine (10 ,gmol/kg per h) and basal secretion was not significant (Fig.   4 B) .
Discussion
Gallbladder contraction and exocrine pancreatic secretion subserve important digestive functions facilitating the coordinated postprandial digestion and subsequent absorption of fat, protein, and carbohydrates (1) . Both the gallbladder and the exocrine pancreas enjoy a rich supply of noradrenergic nerve fibers, but their physiological (or pathophysiological) importance for gut function has not been defined (6, 7) . Using two new animal models, we have found that, during stress, activation of noradrenergic outflow to the gut mediated by cerebral CRF produces inhibition ofcanine gallbladder contraction and murine exocrine pancreatic secretion. Cerebral administration of CRF dose-dependently inhibited CCK-induced gallbladder contraction in awake dogs and basal pancreatic secretions (volume, protein, and bicarbonate) in awake, freely moving rats. CRF also inhibited gallbladder contraction produced by a physiological stimulus, a balanced mixed meal, and CCK/secretin-stimulated exocrine pancreatic secretions. In contrast, a high dose of CRF administered intravenously did not alter biliary and pancreatic functions, suggesting that CRF exerts its biological actions within the central nervous system at a yet-undefined site.
We have previously shown that restraint stress elicits characteristic neuroendocrine stress responses in rats (4) . We have now demonstrated that acoustic stress increases plasma concentrations of norepinephrine, epinephrine, glucose, cortisol, ACTH, and f3-endorphin. These responses are quantitatively similar to those observed after exogenous administration of CRF (4, 21) . A similar type of acoustic stress has been demonstrated to inhibit canine gastric motor function (26, 27) . In a manner comparable to the higher doses ofexogenously administered CRF, acoustic stress inhibits CCK-and meal-induced canine gallbladder contraction and restraint stress inhibits basal exocrine pancreatic secretion in rats. The responses elicited by both stress and exogenous CRF were inhibited by cerebral administration ofthe CRF receptor antagonist, a-helical CRF-(9-41) (23), in a dose-related fashion. These results indicate that CRF is released in response to different stressors in distinct species, exerting its central nervous system effects on gut function via specific CRF receptors. Of interest, the dose of the antagonist required to abolish the effects of CRF was 10 times less in rats than in dogs. This may be secondary to differences in peptide distribution or tissue penetration or to decreased affinity of the canine CRF receptor for a-helical CRF(9-4 1).
Previously validated surgical and pharmacological approaches were utilized to delineate the neurohumoral efferents mediating the effects of stress and CRF. Ganglionic and noradrenergic blockade and truncal vagotomy did not significantly alter gallbladder volume, indicating that autonomic efferents do not exert a tonic control over gallbladder volume at rest (6) . In contrast, ganglionic blockade with chlorisondamine slightly (but insignificantly) and vagotomy significantly diminished resting pancreatic secretion, confirming that vagal efferents control resting exocrine pancreatic secretion (7) . However, the effects ofacoustic stress in dogs and the effects ofrestraint stress in rats on gallbladder volume and on pancreatic secretion, respectively, were completely abolished by ganglionic and noradrenergic blockade. In contrast, vagotomy, adrenalectomy, and It was ofinterest that endogenously released CRF appeared to exert its actions on two different peripheral organ functions in distinct species by a common noradrenergic pathway. To further investigate the importance of noradrenergic control over biliary and pancreatic function during stress, norepinephrine was administered at a dose that produced plasma concentrations similar to those observed in response to CRF and stress. Of note, intravenous administration of norepinephrine produced reversal of CCK-induced gallbladder contraction and inhibition of pancreatic secretion (29, 32, 34) that were similar to those observed in response to stress or CRF. Furthermore, the effects of all three stimuli-exogenous CRF, stress, and norepinephrine-were dose-dependently abolished by peripheral administration ofthe a-adrenergic receptor antagonist phentolamine but not by propranolol. These results indicate that a-adrenergic receptors are likely to be the final target for norepinephrine released in response to stress and exogenously administered CRF. These findings are in accord with previous observations that suggest that CRF and stress exert their central nervous system actions on the upper gastrointestinal tract via sympathetic noradrenergic efferents (5, 15-17, 21, 22, 35) .
Our results differ from previous studies in anesthetized cats, which indicated that the relaxing effect of norepinephrine on the gallbladder was mediated by ,B-adrenergic receptors (33) . CRF, and NE. Norepinephrine (100 nmol/kg per h) was infused intravenously from 0 to 60 min. Plasma levels were significantly (P < 0.01) increased (20-60 min) but not significantly different from those after acoustic stress and CRF in dogs (Table I) or after restraint stress and CRF in rats (reference 4).
did not alter CRF-and stress-induced inhibition ofgallbladder contraction in awake, nonanesthetized dogs. Furthermore, propranolol did not inhibit the relaxing effects of norepinephrine on CCK-induced gallbladder contraction (unpublished observations). Finally, in this study, a "physiologic" dose of norepinephrine was used that mimicked plasma concentrations that were observed in response to stress. Species differences and study design (bolus vs. continuous infusion of agonist and antagonist, as well as the state of anesthesia) may account for these diverse observations. The specific site of action for norepinephrine to induce a-receptor-mediated canine gallbladder contraction remains to be defined in vitro. We conclude that stress, exogenous CRF, and norepinephrine inhibit canine gallbladder contraction and murine exocrine pancreatic secretion. Different stressors (acoustic and restraint stress) in distinct species release CRF that acts on specific CRF receptors within the brain. Release ofnorepinephrine appears to be the final common pathway producing inhibition of biliary and pancreatic function during stress mediated by endogenous CRF.
